The Ã 1 B 1 -X 1 A 1 absorption spectrum of SiH 2 has been observed using intracavity laser absorption spectroscopy with an equivalent path length of up to 13.0 km and the Ã 1 B 1 (0, 0, 0)-X 1 A 1 (0, 0, 0) band near 640 nm recorded for the first time. The silylene radical was generated in a continuous discharge in a flowing mixture of silane in argon, giving a concentration of the order of 10 10 SiH 2 /cm 3 . The spectrum spans the region between 15350 and 16100 cm
I. INTRODUCTION
Silylene, SiH 2 , is an intermediate species of importance in silicon hydride chemistry as it may play a role in the deposition of amorphous silicon films by chemical vapor deposition ͑CVD͒. The industrial applications of this very reactive species have prompted several studies on its reactivity and dynamics. [1] [2] [3] From the academic point of view, SiH 2 is the simplest polyatomic molecule containing silicon, it is isovalent with CH 2 , and its electronic spectrum presents a challenging blend of Renner-Teller and spin-orbit couplings. It is also of the right size to enable high level ab initio calculations.
In the ground electronic state ( 1 A 1 ), the equilibrium geometry is close to a rectangular triangle ͑ e ϭ92°͒, very similar to the SH 2 molecule, with marked asymmetric top structure ͑asymmetry parameter ϭ0.51͒. The next upper electronic state is ã 3 B 1 , estimated to be 7000 cm Ϫ1 above, although it has never been directly observed, as far as we are aware. In the next upper state, Ã 1 B 1 , situated 15500 cm
Ϫ1
above the ground state, the bending angle opens up drastically to an equilibrium value of ϳ120°, giving a nearly prolate symmetric top structure (ϭϪ0.84͒. A schematic representation of these two geometrical structures is presented in Fig. 1 . In both singlet states, large excitations of the bending vibration would bring the molecule near a linear configuration, thus enabling a large Renner-Teller interaction, which has been identified from the analysis of rovibronic spectra and lifetimes of excited levels. [4] [5] [6] A number of spectroscopic studies has been devoted to this transient species. SiH 2 was first identified by Dubois 30 years ago 7, 8 by detection of its electronic absorption spectrum in the visible range. It was produced by photolysis of phenylsilane and the spectrum was obtained with a path length of 48 m and photographed at high dispersion. The spectrum, which consists of a progression of several bands separated by about 850 cm Ϫ1 , shows a widely open rotational structure due to the important change of geometry. It was analyzed as an Ã 1 B 1 (0, v 2 Ј, 0)ϪX 1 A 1 (0, 0, 0) transition, each band of the progression corresponding to the excitation of the bending vibration (v 2 Јϭ1Ϫ7) in the Ã 1 B 1 electronic state. The interpretation of these spectra 8, 9 led to the determination of the geometrical structure of the 1 B 1 and 1 A 1 states, but the rotational level structure of the excited state was found to be affected by a large number of erratic rotational perturbations. A rms observed-calculated deviation of more than 1 cm Ϫ1 was obtained in the fit of the rotational parameters of the excited states for the transitions to the ͑010͒, ͑020͒ and ͑030͒ states. 8 More recently, Duxbury, Alijah and Trieling 4 have carried out an extensive study on these previously published data, 8, 9 showing that these perturbations arise from the combined effects of Renner-Teller interaction between the two singlet states and spin-orbit coupling with the lowest triplet ã 3 B 1 . They also developed a model to treat these interactions simultaneously. The strong rotational perturbations in the Ã 1 B 1 state have been related 4 to the unusual radiative lifetimes recently measured by laser-induced fluorescence ͑LIF͒ by Thoman, Steinfeld and coworkers. 5, 6 In the 1 A 1 state, Yamada et al. 10 studied the 2 band by means of an infrared diode laser spectrometer, thus providing the only high resolution infrared data available for this radical up to this moment.
Several authors have reported the LIF detection of silylene produced by multiphoton or UV dissociation of silane compounds. 5, 6, [11] [12] [13] The LIF excitation and dispersed fluorescence spectra reported by Fukushima, Mayana and Obi 13 led to the determination of both the electronic transition moment of the
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Most of the SiH 2 detection experiments using lasers 5, 6, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] have been performed on the Ã 1 B 1 (0, 2, 0) ϪX 1 A 1 (0, 0, 0) transition near 580 nm because of favorable Franck-Condon access and of the availability of an excellent dye in the corresponding range ͑Rhodamine 6G͒. Jasinski and coworkers [14] [15] [16] used frequency modulation and direct absorption techniques to monitor SiH 2 by detecting some rovibronic transitions of this band near 17250 cm Ϫ1 . The same transition was observed by ICLAS [19] [20] [21] and LIF 17 in order to evaluate the SiH 2 concentration produced in a RF plasma 20 or in reacting high temperature mixtures of disilane. 21 The estimation of the absolute concentration of SiH 2 was possible only by indirect comparative methods 17, 20 or by making an assumption on the reaction kinetic model leading to the formation of SiH 2 . 21 For in situ and real time diagnostic of CVD plasma, absorption techniques are much more suitable than LIF, resonantly enhanced multiphoton ionization ͑REMPI͒ or four wave mixing. We have very recently 22 obtained the Doppler limited absorption spectrum of the Ã 1 B 1 (0, 2, 0)ϪX 1 A 1 (0, 0, 0) transition using two highly sensitive techniques equivalent to classical absorption: intracavity laser absorption spectroscopy ͑ICLAS͒ 23 and the newly developed cw-cavity ring down spectroscopy ͑CW-CRDS͒ technique. 24 From the results of Ref. 13 and using the rotational assignments given by Dubois, 8 it was possible to calculate the absolute line intensity of some specific rovibronic transitions and then deduce the SiH 2 concentration from the measured absorption coefficient. To our knowledge, this study was the first direct and absolute concentration measurement of SiH 2 . A detectivity of the order of 10 8 SiH 2 /cm 3 was achieved. . The only previous report concerning this transition is the fluorescence excitation spectrum recorded at medium resolution between 15540 and 15580 cm Ϫ1 and displayed without rotational analysis in Fig. 4 of Ref. 6 . This transition, which is weaker than those previously studied, is particularly important as it allows the determination of the geometry and of the energy of the vibrationless level of the Ã 1 B 1 electronic state. We have also determined the equilibrium r e structure of silylene in this singlet excited state. The accuracy of the line positions is about 0.01 cm
, which is intermediate between the high resolution infrared experiment of Yamada et al. 10 and the previous data from Dubois. 7, 8 We also present a more comprehensive determination of the rotational constants of the ͑0,0,0͒ level in the electronic ground state, performed by combining all three sets of data with appropriate weights in a single refinement process.
Another interest and motivation of the present study is that the Ã 1 B 1 (0, 0, 0)ϪX 1 A 1 (0, 0, 0) transition near 640 nm corresponds to a range where diode lasers are available. Following the same procedure as described in our recent study of the Ã 1 B 1 (0, 2, 0)ϪX 1 A 1 (0, 0, 0) transition, 22 it is then possible to use some specific rovibronic transitions of this band for in situ and real time monitoring of SiH 2 in CVD reactors using the newly developed CW-CRDS technique.
24

II. EXPERIMENT
A. The discharge cell
The silylene radical was generated by a continuous discharge ͑40 mA, 1 kV͒ in a slowly flowing mixture of silane ͑5%͒ in argon. The total pressure was about 1 Torr and gases were pumped out with a mechanical pump. The plasma tube ͑80 cm length, 3.6 cm diameter͒ was fitted by Brewster angle windows. The flow of argon entered the cell close to the two windows while silane was injected through an inlet close to the center of the cell. This arrangement prevents deposition of silicon films on the Brewster windows as observed on the walls of the cell. The distance between the two cylindrical electrodes was 60 cm.
B. ICLAS spectrometer
The ICLAS experimental method has been described before. 23 Briefly, the ICLAS technique is based on the high sensitivity of a broadband laser to intracavity losses namely absorption. The absorption lines appear superimposed on the broadband spectrum of the dye laser ͑DCM͒ pumped by an argon laser. The spectrum dispersed by a high resolution grating spectrograph ͑resolving power up to 800 000͒ is recorded by a 1024 photodiode array. Furthermore, the dye spectrum is time resolved by using two synchronized acousto-optic modulators and the generation time, t g , between the start of the laser and the recording of the spectrum gives directly the equivalent path length:
where (l/L) is the ratio of the length of the cell to the optical length of the dye laser cavity.
In the present study, we have inserted the plasma tube in the dye laser cavity and used generation times ranging between 20 and 70 s ͑absorption equivalent path lengths between 3.7 and 13.0 km͒. The occupation ratio of the cavity by the cell was 62%.
In order to reduce the number of elementary spectra needed to cover the whole band ͑750 cm
Ϫ1
), we did not use in this work our spectrograph in its higher resolution configuration. As a consequence, the observed linewidth ͓half width at half-maximum ͑HWHM͒ of about 0.05 cm Ϫ1 ͔ is mainly determined by the apparatus function of the spectrograph, the Doppler linewidth ͑HWHM of about 0.017 cm
) being almost negligible. The wave number calibration was achieved by simultaneous recording of the iodine absorption spectrum. 27 We estimate the wave number accuracy in the SiH 2 line positions to be about 0.01 cm
. We have checked the quality of our wave number calibration on some absorption lines from excited states of Ar which appear in our spectra, and from some rovibronic transitions of NH 2 which are observed near 15900 cm
. 28 This species is probably produced in the discharge from N 2 present as a sample impurity.
Our previous study of the Ã 1 B 1 (0, 2, 0) . From the Franck-Condon factors reported in Ref. 13 , we calculate that the intensity of the presently studied
transition is 22% of that of the Ã 1 B 1 (0, 2, 0)
III. RESULTS AND DISCUSSION
The ICLAS spectrum of SiH 2 was recorded between 15350 and 16100 cm Ϫ1 . Figure 2 shows an overview of the spectrum between 15350 and 15800 cm Ϫ1 . The excellent agreement between our ICLAS spectrum 22 and the spectrum reported by Dubois 8 for the Ã 1 B 1 (0, 2, 0)
transition, left no doubt about the assignment of this spectrum to the SiH 2 species and was confirmed by ground state combination differences.
A. Assignments
The central region of the spectrum provided a clue to start the assignment process. This band is of c type, with selection rules ⌬K a odd, ⌬K c even ͑see Fig. 1 for the definition of the axis labels͒. However, we use symmetric top formalism, with the K subindex representing K a Љ , to label those series for which there is no possibility of confusion. Table II. r Q 0 branches stand out clearly. Note that in the present case, it is safe to use this notation because of the lack of asymmetry splitting when K a Ј or K a Љ are equal to zero. The J assignment for each of these two branches was facilitated by the spin statistical weights of the rotational levels of this radical:
K a ЉϩK c Љ odd lines have three times as much weight as K a Љ ϩK c Љ even. Thus, consecutive lines in the above-mentioned series have alternating weights, those with J even being the stronger in p Q 1 , while those with J odd are the stronger in r Q 0 . This figure can be compared to Fig. 3 in Ref. 16 , where the central region of the 020-000 band is shown. Both figures are quite similar, the main differences being that in our spectrum the r Q 0 branch is folded over at a lower J value, and that the bandhead of p Q 1 is less complex. To ensure our initial assignments, we searched for transitions reaching the same excited levels in order to provide the appropriate ground state combination differences. We thus found the p P 1 and p R 1 series to accompany p Q 1 , and the p P 2 series ͑with K c ЈϭK c Љϭ1͒ to confirm r Q 0 . Once a few initial assignments were thus settled, we proceeded in a cautious way, looking gradually for series with higher K a values, accepting only those transitions which we could check by combination differences ͑unless the assignment was indisputable͒, and refining the excited state rotational constants after each assignment step. We have assigned transitions up to Jϭ16 and K a ϭ9, with ⌬K a up to 5, ⌬K c up to 4.
The only previously available parameters for the excited state of this transition came from a graphical extrapolation carried out by Dubois 8 from his data on higher v 2 Ј states. We used Dubois' parameters in our initial prediction, which gave a reasonable agreement with the observation, apart from a shift of 14 cm Ϫ1 in the band origin wave number, which was immediately noticed.
B. Perturbations
Even for low K a transitions, we soon found that large perturbations were present in the spectrum. Pairs of strong lines, which gave good ground state combination differences, were poorly reproduced in a fit to the excited state parameters, with observed-calculated deviations up to a few tenths of a wave number. The perturbations had a very localized nature, affecting just some J levels in a given K a ,K c series. Already Dubois 8 Table I a summary of the perturbations observed in our spectra, indicating the rotational assignment and an approximate value of the perturbation induced displacement. Whereas in some cases the perturbation presents the typical look of a 2 by 2 interaction, in other cases the pattern is much more complex, which would indicate that several levels are interacting simultaneously. An example of the former is given by the 3 13 and 4 14 levels, which are pushed down ͑to lower energy͒ and pushed up ͑to higher energy͒, respectively, while the 5 15 level is pushed up with a smaller displacement. Besides, the 3 13 ←3 03 transition, displayed in Fig. 3 , appears not only displaced from its predicted position, but with an intensity loss of almost 30% of its expected value. This intensity must have been transferred to a transition to the perturber level. Indeed, the comparison of the experimental and calculated spectra ͑Fig. 3͒ shows that a number of lines carrying significant intensity remain unassigned.
The rotational structure of the ͑0,0,0͒ state studied here is much less perturbed than that of the ͑0,v 2 Ј,0͒ states observed by Dubois. For comparison, we have performed a fit of the rotational constants of the ͑0,0,0͒ state to reproduce the whole set of assigned transitions, including those given in Table I 4 In the frame of this model, we believe that the decrease of the strength of the perturbations in ͑0,0,0͒ compared to the other ͑0, v 2 Ј ,0͒ states, must be attributed to the weakening of the RennerTeller coupling when v 2 Ј decreases, which consequently softens the effect of the indirect spin-orbit coupling with 3 B 1 . It would be interesting to check if the Hamiltonian describing the Renner-Teller coupling given in Ref. 4 should reproduce quantitatively the large decrease ͑about one order of magnitude͒ in the strength of the perturbation going from ͑0,1,0͒ to ͑0,0,0͒.
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Since we have been unable to identify transitions to the ''dark'' band ͑or bands͒, we cannot add more to the interpretation of the perturbations at this stage. Our present results could perhaps be used in the future, if more data become available, especially from the 3 B 1 state, to enable a more comprehensive understanding of these perturbations.
C. Vibronic parameters
Although the perturbed data cannot be used to estimate the rovibrational parameters of the excited state within the standard Watson rotational model, they can still provide information on the parameters of the ground state, via the appropriate ground state combination differences. Thus, we have at our disposal data from three sources ͑Refs. 8, 10 and this work͒, with different degrees of accuracy, which can be used together in the most comprehensive fit of the ground state constants of silylene.
We first checked the data from Dubois relative to the ͑010͒, ͑020͒ and ͑030͒ levels, 8 band by band, in order to eliminate eventual missassignments or misprints in the publication of the tables. To these we added our data from this work, and those of Yamada et al. 10 on the 2 fundamental. Considering the different accuracy of each data set, we gave relative weights of 0.1, 1 and 10 to individual transitions belonging to each set, respectively. A few lines that were assigned as blends of two or more SiH 2 transitions were given a weight of one tenth of that of the pure unblended lines ͑0.1 for our data͒. The program was designed to search for ground state combination differences within each set. Weights for the combination differences were taken as the mean of the individual weights of each transition. Altogether we had a set of 851 combinations of non-null weight, from which we refined the ground state parameters. We performed several fits for different choices of parameters. Our aim was to obtain a set of parameters giving a reasonable fit of all data, being well determined in the fit, and which were not highly correlated among them. Our final choice is shown in Table II . We found that the best results were obtained when up to quartic centrifugal distortion constants only were taken, and even in this case the off-diagonal ␦ K was not well determined and we fixed it to zero. This choice is in contrast with that of Yamada et al., 10 which used a much larger parameter set for a limited number of combination differences. They needed to release up to ten constants in order to reproduce their very accurate data within experimental accuracy. We have preferred not to force such a reproducibility of the highly accurate data, with the aim of reproducing a very large set of data with a limited number of well defined, correlation free parameters.
Our rotational constants A, B and C are closer to those of Dubois 8 than to those of Yamada et al., 10 because of the effect of the larger data set we used. The quartic centrifugal distortion constants are very close to those of Yamada et al., indicating that they are well determined by the data. Dubois used the abcd parameters instead of the ⌬'s and ␦'s more frequently used today, which makes the comparison less straightforward. Although our results are not very different from those previously published, we believe that the parameters of Table II provide a reliable and accurate representation of the rotational constants of SiH 2 in the electronic and vibrational ground state.
Once these parameters were fixed, we aimed to determine a set of rotational parameters for the vibrational ground state of the 1 B 1 electronic state. In order to do this, we extracted from the data set used for the determination of the ground state parameters, those transitions which were clearly perturbed, and which could not be reproduced without the adequate model to treat the spin-orbit or Renner-Teller perturbations. It may be somewhat subjective to decide the threshold within which a line can be labeled as perturbed or not. Looking for a more objective way, we decided to carry out a refinement process in which lines whose observed Ϫ3 cm Ϫ1 . The lines marked by an asterisk or two asterisks were given a weight 0.1 and 0, respectively, in the fit of the upper state rotational constants. A weight of unity was attributed to the other lines. The last column gives the calculated line intensities in arbitrary units. 
minus calculated value was larger than 2.5 times the standard deviation of the previous cycle, would be excluded from the present iteration. The next choice was again that of the set of parameters to be released in the fit. After several trials, we finally chose a set which included basically quartic and sextic centrifugal distortion constants, with the exclusion of ␦ K and H J , which were poorly determined, and the inclusion of L K , which was necessary to reproduce the higher K transitions: 9 9,0 ←10 10,0 and 9 9,1 ←10 10,1 . The parameters resulting from this procedure are quoted also in Table II . The spacing between consecutive bending states as measured by Dubois is quite irregular, probably because of the Renner-Teller perturbations, which has refrained us from attempting to evaluate anharmonicity constants.
We present in Table III a list of all observed and assigned transitions, with the observed-calculated deviations and an indication of the lines that were left out of the fit, because of the perturbations. It is hoped that these line positions will help future investigations aimed, for example, at monitoring silylene in plasmas. We add also in this Table a calculated value of the intensity of each line, which is necessary for concentration measurements of silylene ͑see Ref.
22͒. As another example of the importance of the inclusion of intensities in such tables, we would mention the difficulty that we sometimes had in identifying NH 2 lines in our spectrum; their wave number was given in Ref. 28 , but since no intensities were given in that reference, it was difficult at times to ascertain whether a weak line could be due to an NH 2 absorption or to an unassigned silylene line.
D. Equilibrium geometry
With the new rotational constants for the vibrational ground states derived in this work, it is possible to recalculate the equilibrium value of the rotational constants, and hence the equilibrium geometry of the molecule in both electronic states involved. 25 From A e , B e and C e it is possible to estimate the equilibrium geometry of SiH 2 , given by the two parameters r e and e , either by taking two rotational constants at a time, or by making a mean average of all three values. Our results are collected in Table IV , together with those derived by Allen and Schaefer, 25 from the experimental values of Dubois 8 using the same procedure, and from their own ab initio calculations. Although all three sets are in good agreement, our values are closer to those of the experimental work of Dubois. 8 For the 1 B 1 state, the inertial defect in the ͑0,0,0͒ vibrational level calculated from our rotational constants is fairly high: 0.115 uÅ 2 . This may be a consequence of the perturbations still remaining in our data, although this number may be comparatively normal for the electronic configuration of the molecule in this state, where the bonds have a weaker nature. We have transformed the rotational constants into their equilibrium values by means of the ␣ i B parameters calculated by Allen and Schaefer 25 for this electronic level. The geometrical parameters obtained in this way are also given in Table IV . It is interesting to note that our values are closer now to the theoretical results of Allen and Schaefer than to those of Dubois, which were in fact estimated by extrapolation from observations of higher bending states. Allen and Schaefer questioned the reason of the less good agreement between their theoretical results and the experimental ones for this electronic state. Our results seem now to confirm the high quality of their calculation.
IV. CONCLUSION
The new experimental measurements presented here allow a more accurate determination of the energy and geometrical structure of the 1 B 1 electronic state of silylene. These results complement previous observations of excited bending levels in this electronic state. 4, 8 The transitions observed here could be used for monitoring this species in silicon plasmas. Local perturbations affecting the spectra are probably due to crossings with rovibrational levels of the 3 B 1 electronic state, which has not yet been experimentally observed. The detection of silylene in the triplet state would be of great interest to clarify the energy level structure of this radical.
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